The undercooling, microstructures and hardness of Sn-rich Pb-free solders changed by a reaction with Cu-xZn alloy under bump metallurgy (UBM) were investigated and compared to those of solders with Cu UBM. The investigation was based on four types of Sn-rich solders (pure Sn, Sn-0.7Cu, Sn-3.5Ag and Sn-3.8Ag-0.7Cu, where the numbers are all in mass percent unless specified otherwise) and three types of UBMs (pure Cu, Cu-10Zn and Cu-20Zn). The undercooling of the Sn-rich solders was reduced significantly by the reaction with the CuxZn UBMs. A decrease of 21-27 C in the undercooling was obtained, whereas a decrease of only 10-16 C was obtained by the reaction with Cu UBMs. In the Sn-rich solders after the reactions with the Cu-xZn UBMs, there was a barely perceptible large growth of primary intermetallic compound phases, such as Cu 6 Sn 5 and Ag 3 Sn; moreover, there were a large increase in the volume fraction of the eutectic phases and a coarsening of -Sn dendrites. In addition, the Sn-rich solders with Cu-xZn UBMs showed a large increase in hardness. These changes in the undercooling, microstructures and hardness are discussed in terms of the compositions of Sn-rich solders changed by the interfacial reactions with Cu-xZn UBMs.
Introduction
The EU's 2002 legislative ban on the use of Pb and other toxic materials in electronic packaging has come into effect. An extensive search for various Pb-free solder alloys has been conducted over the last several years. [1] [2] [3] [4] [5] Near-eutectic binary or ternary Sn-based solder alloys are the most promising Pb-free candidates to replace 37Pb-63Sn solders in electronic packaging, which include Sn-0.7Cu, Sn-3.5Ag and Sn-3.8Ag-0.7Cu (in mass percent unless specified otherwise). 4, 5) Despite the extensive efforts to find Pb-free solder alloys, the use of Pb-free solders still presents many problems, such as a fast reaction rate with a Cu under bump metallurgy (UBM), the formation of large intermetallic compounds (IMCs), 6 ) the formation of voids at the interface of an electroplated Cu substrate, 7, 8) and serious reliability concerns regarding drop tests. 8, 9) Recently, many studies have been conducted to solve these problems and to ensure that the solder joints have greater stability and reliability, especially for example by adding a minor alloying element, such as Zn, [10] [11] [12] [13] [14] [15] Co 10, 16, 17) and Ni, 10, 17, 18) to the Sn-based solder alloys. These studies also include the basic properties of the solders with a minor alloying element; for example, the thermal properties (undercooling and melting point), [10] [11] [12] [13] [14] 18) the microstructures, [11] [12] [13] 18) and the mechanical properties. 13, 14, 17, 18) The effect of adding a small amount of Zn is outstanding in relation to the effect of various minor alloying elements. The addition of a small amount of Zn to Sn-Cu or Sn-Ag-Cu solders effectively reduced the IMC growth (especially Cu 3 Sn) and Cu consumption and suppressed the void formation. 10, 15) It also effectively reduced the undercooling of the Sn-Ag-Cu solders and, as a result, significantly suppressed the large plate growth of Ag 3 Sn IMCs. 11, 12) Moreover, when a small amount of Zn was added, the eutectic region in the microstructure of Sn-Ag-Cu solders became broader and the hardness property was improved. 11, 13) In addition, we proposed alloy-type UBMs, such as Cu-xZn, to reduce the IMC growth and suppress the void formation at the interface. 19) In our previous report, the growth of Cu 3 Sn IMCs that formed at the interface of Sn-rich solders during the reflow and aging processes was significantly reduced by the Cu-xZn alloy UBMs; furthermore, when the Zn content in the UBMs was increased to 20 mass%, the growth of Cu 6 Sn 5 and Cu 3 Sn was retarded during the aging process.
19) The Cu-xZn alloy UBMs are beneficially effective in interfacial reactions with Sn-rich solders, but there is no available report on how the solders' basic properties, such as the microstructures and the thermal and mechanical properties, are changed by a reaction with Cu-xZn UBMs.
In this study, we investigated the various properties of Snrich Pb-free solders that were changed by a reaction with the Cu-xZn alloy UBM. We used four types of Sn-rich solders (pure Sn, Sn-0.7Cu, Sn-3.5Ag and Sn-3.8Ag-0.7Cu) and three types of UBMs (pure Cu, Cu-10Zn and Cu-20Zn). The undercooling, microstructures and hardness of the solders changed as a result of a reaction with the Cu-xZn UBMs were compared with the corresponding properties changed as a result of a reaction with the Cu UBM.
Experimental Procedures
After preparing the Cu-10Zn and Cu-20Zn alloys from elements with a purity higher than 99.99%, we encapsulated them under a vacuum in quartz tubes, and then melted and mixed the alloys perfectly. Next, we used a rolling machine to fabricate the as-cast Cu-Zn alloys into a 1 mm thick plate. The Cu UBM was used as an oxygen-free Cu substrate (99.99%). The solder compositions used in this study were pure Sn, Sn-3.5Ag, Sn-0.7Cu and Sn-3.8Ag-0.7Cu, which were commercially produced.
To examine the effect of Cu-xZn UBMs on the undercooling of the solders, we used four types of solders and three types of UBMs (pure Cu, Cu-10Zn and Cu-20Zn). In addition, we used a similar solder volume (4.8 mg, d ¼ 1050 mm) and substrate area (1 mm Â 1 mm) to eliminate any effects due to variations in solder volume or substrate area. Interfacial reaction experiments were conducted by reflowing the same amount of a solder on a substrate over a hotplate at 260 C for 10 s with a rosinactivated type of flux. Subsequently, differential scanning calorimetry (DSC) experiments were performed in a diamond DSC calorimeter (Perkin-Elmer, Inc.), which was heated and cooled at the rate of 6 C/min under a nitrogen atmosphere with a substrate plus solder.
After the DSC experiments, the interface of the solders and substrates was revealed on its cross section by mounting and polishing. Optical microscopy (OM) and scanning electron microscopy (SEM) were used to characterize the microstructures and the IMCs. The back-scattered electron mode of SEM was used to observe the IMCs, and energy-dispersive X-ray spectroscopy (EDS) and electron probe micro-analyzer (EPMA) for compositional analyses.
Microhardness tests were performed to compare the Vickers hardness number (VHN) of samples that underwent the same thermal profile in the DSC experiments. The load of hardness tests was 10 g and the loading time was 5 s. The VHNs were reported as an average value of ten indentations or more.
Results and Discussion
3.1 Undercooling of Sn-rich, Pb-free Solders on Cu-xZn UBMs Figure 1 shows a thermal profile recorded during the heating and cooling of a pure Sn solder. The peak and onset temperatures in the heating and cooling curves were measured from Fig. 1 . Generally, the amount of undercooling is referenced to the equilibrium melting point. The physical meaning of the heating and cooling curves as determined from DSC is well documented in the literature. 20) If the degree of superheating is neglected because it is usually insignificant, we can determine the amount of undercooling by comparing the onset temperature of the cooling curve with the peak temperature of the heating curve. However, the starting points of the melting and solidifying processes are more important in the real soldering process of electronic packaging. Accordingly, we measured the amount of undercooling by comparing the difference of each onset temperature in the heating and cooling curve. Table 1 summarizes the DSC results obtained from the four bulk solder alloys without UBMs. For each bulk solder, the onset and peak temperatures of the thermal profile were recorded, and the difference of each onset temperature in the heating and cooling curves was measured as the amount of undercooling. In the bulk solder alloys without UBMs, the amounts of undercooling were varied from 27 to 31 C. Some studies have reported that the undercooling of Sn-rich solder alloys cannot be reduced significantly by the change of Cu content or Ag content or both. 13, 21) In the present work, the Sn-rich bulk solder alloys, regardless of Cu or Ag content or both, displayed the similar values of undercooling. Table 2 shows the DSC results obtained from the four solders with three different UBMs (Cu, Cu-10Zn and Cu20Zn). For the solders with UBMs, DSC measurements were performed twice with the same sample because the composition of the solders could be changed by the interfacial reactions with UBMs. In addition, the difference between onset temperatures in the 1st cooling curve and the 2nd heating curve was evaluated as the amount of undercooling of each case. When pure Sn reacts with UBMs, the undercooling of pure Sn was significantly reduced from 31.2 to 4-16 C. The amount of undercooling reduced by the reaction with CuxZn UBMs was especially remarkable. A large decrease of about 27 C was obtained in the pure Sn with Cu-10Zn or Cu20Zn UBMs, while a decrease of about 15 C was obtained in the pure Sn with Cu UBMs. This result, as shown in Table 2 , was also true for the other Sn-rich solders (Sn-0.7Cu, Sn-3.5Ag and Sn-3.8Ag-0.7Cu). The reaction with Cu-xZn UBMs yielded a large decrease of 21 C to 27 C in the undercooling of the Sn-rich solders, whereas the reaction with Cu UBMs yielded a decrease of 10 C to 16 C in the undercooling. In addition, there was a similar level of undercooling for each solder as a result of the reaction with the two types of Cu-xZn UBMs (Cu-10Zn and Cu-20Zn).
The presence of a wettable surface (UBMs) causes a reduction of undercooling in Sn-rich solders. This reduction is related to two factors which affect the heterogeneous nucleation of the -Sn phases: namely, the wall effect of UBMs and the alloying effect of metal atoms dissolved from the UBMs. 13, 21) During a reaction with UBMs, the composition of four Sn-rich solders was changed by metal atoms dissolved from the UBMs. Table 3 summarizes the EPMA compositional analysis of four solders far inside from the interface of solders/UBMs after DSC measurements. The EPMA analyses were conducted in the area, 150 mm in diameter, of each solder joint, focusing on the change of Cu or Zn contents. In a reaction with Cu UBMs, the dissolution of Cu atoms into the solders was commonly found. Hence, pure Sn solders were changed to Sn-Cu binary solder alloys which consisted of Sn (99.07 mass%) and Cu (0.93 mass%) and, moreover, Sn-3.5Ag solder alloys to Sn-Ag-Cu ternary solder alloys with 0.77 mass% Cu. In addition, the Cu content of Sn-0.7Cu and Sn-3.8Ag-0.7Cu solders increased to 0.99 mass% and 0.89 mass%, respectively. However, as mentioned above, the Cu content does not significantly affect the undercooling of Sn-rich solders. Therefore, the first factor (the wall effect of UBMs) acts as the main mechanism for a reduction of undercooling in Sn-rich solders reacted with Cu UBMs. The first factor yields a decrease of 10 C to 16 C in the undercooling.
For the Cu-xZn UBMs, there was a large decrease of 21 C to 27 C in the undercooling. Previous reports indicate that a Zn alloying element is significantly effective in reducing the undercooling of Sn-rich solders. 11, 12) By adding a small amount of 0.1 mass% Zn into Sn-3.8Ag-0.7Cu solders, the undercooling is significantly reduced to less than 5 C. 11) As summarized in Table 3 , 0.14-0.38 mass% Zn was detected in the solders reacted with Cu-xZn UBMs. Therefore, the large decrease of undercooling in Sn-rich solders reacted with CuxZn UBMs is attributed to the second factor, the alloying effect of Zn atoms dissolved from the UBMs into Sn-rich solders. The second factor yields a large decrease of 21 C to 27 C in the undercooling.
Microstructures of Various Sn-rich Solders
Reacted with Cu-xZn UBMs Using OM, we investigated the microstructural changes that were accompanied with the changes of undercooling. Figure 2 shows a typical OM image taken deep inside the interface of Sn-rich solders solidified at a cooling rate of 6 C/min during DSC. For Sn-0.7Cu, Sn-3.5Ag and Sn-3.8Ag-0.7Cu solders, we observed a unique microstructure that consisted of -Sn dendrites (light contrast) and eutectic phases (dark contrast, a mixture of the intermetallic particles of Cu 6 Sn 5 in Sn-0.7Cu, Ag 3 Sn in Sn-3.5Ag, and Ag 3 Sn and Cu 6 Sn 5 in Sn-3.8Ag-0.7Cu). After the reactions with the Cu or Cu-xZn UBMs, the microstructures of the Sn-rich solders were preserved, but some differences were observed (Cu vs. Cu-xZn).
Firstly, the large growth of primary IMC phases, such as Cu 6 Sn 5 and Ag 3 Sn, was barely perceptible inside the Sn-rich solder reacted with Cu-10Zn and Cu-20Zn UBMs. Several large plate-like Ag 3 Sn IMCs were observed in the bulk alloys of the Ag-containing solders (Sn-3.5Ag and Sn-3.8Ag-0.7Cu solder) and in the solders reacted with Cu UBMs. However, we rarely found these types of IMCs inside the solders reacted with Cu-xZn UBMs. As previously discussed, Cu and Zn atoms are dissolved into Sn-rich solders during a reaction with Cu-xZn UBMs. The dissolved Zn atoms are beneficially effective in reducing the undercooling of the Sn-rich solders to about 5 C or less. It implies that the melting and solidification of the solders occur at similar temperatures (with a differential of up to about 5 C). As a consequence, it is difficult for the primary Ag 3 Sn or Cu 6 Sn 5 IMCs to become large inside the molten solder during solidification. In addition, the undercooling of Sn-rich solders reacted with Cu UBMs is smaller than that of the bulk solder alloys, and it amounts to about [13] [14] [15] [16] [17] [18] [19] C. However, large plate-like Ag 3 Sn IMCs were still observed in the Ag-containing solders reacted with Cu UBMs. Therefore, it is believed that about [13] [14] [15] [16] [17] [18] [19] C of the undercooling by the reaction with Cu UBMs would not be good enough to suppress the large growth of primary IMCs phases during solidification.
Secondly, the volume fraction of the eutectic phases in the Sn-rich solders with Cu-xZn UBMs was much higher than that of the bulk solder alloy or the solders with Cu UBMs. As previously mentioned, the large growth of the primary IMC phases is suppressed by the reaction with the Cu-xZn UBMs. Subsequently, more Ag or Cu atoms in the molten solders participate in the eutectic reactions during solidification, and the eutectic region becomes larger. Actually, as summarized in Table 3 , the Ag content in the Sn-Ag or Sn-Ag-Cu solders reacted with Cu-xZn UBMs was higher than that of Cu UBMs by 0.6-0.7 mass%. In addition, 0.14-0.38 mass% of Zn is dissolved into Sn-rich solders during the interfacial reactions with the Cu-xZn UBMs, and it can increase the volume fraction of the eutectic phase as the amount of alloying elements in the solders increases. Therefore, the large increase in the eutectic region of the Sn-rich solder reacted with Cu-xZn UBMs is due to the fact that the dissolution of Zn atoms from UBMs into the solders tends to suppress the large primary IMCs by significantly reducing the under- cooling of the solders and increase the amount of alloying elements in the solders. Finally, as shown in Fig. 2 , the -Sn dendrites in the Snrich solder reacted with UBMs are much coarser than those in the bulk solder alloys. The coarsening of the -Sn dendrites in the Sn-rich solders with the Cu UBM has already been discussed by Cho et al. 21) They explained that the large -Sn dendrite in the Sn-rich solders reacted with the Cu UBM is due to a decrease in undercooling, which occurs because the growth of solidifying phases becomes faster when the temperature of the nucleation is higher. 21) We found a similar coarsening of -Sn dendrites in the Sn-rich solders with CuxZn UBMs. However, owing to a difference in the effectiveness of Cu and Cu-xZn UBMs in reducing the undercooling, the -Sn dendrites are much bigger than those that form on the Cu UBM. As previously mentioned, the Cu-xZn UBMs yield a large decrease of 21 C to 27 C in the undercooling whereas the Cu UBM yields a decrease of 10 C to 16 C.
Hardness of Various Sn-rich Solders Reacted with
Cu-xZn UBMs Hardness tests were performed to observe how the mechanical properties changed in relation to the microstructural changes. The bulk solders and solders reacted with Cu or Cu-xZn UBMs during DSC experiments were used for the microhardness measurement. Figure 3 shows the hardness results as a function of the alloy compositions and the type of UBMs. Each sample, which was exposed to the same thermal profile during the DSC measurements, was solidified at a rate of 6 C/min. In general, the hardness of Sn-based solders strongly depends on the alloying elements: the greater the number of alloying elements, the higher the level of hardness. This phenomenon is attributed to the fact that the volume fraction of the eutectic phase increases whenever there are more alloying elements in the solder. This study confirms the same trend: as shown in Fig. 3 , the average hardness value increases in the order of pure Sn, Sn-0.7Cu, Sn-3.5Ag and Sn-3.8Ag-0.7Cu. This outcome is also true for the hardness of the pure Sn solder, with or without UBMs. The VHN of the bulk pure Sn was 8.9, while the VHN values of pure Sn reacted with Cu, Cu-10Zn and Cu-20Zn UBMs were 10.6, 12.9 and 13.7, respectively. As shown in Table 3 , 0.93 mass% Cu was detected in the pure Sn solders reacted with Cu UBMs and, moreover, 0.87-0.96 mass% Cu and 0.16-0.31 mass% Zn were in the pure Sn solders reacted with Cu-xZn UBMs.
However, the change of VHN in the other three Sn-rich solders depends on the type of UBMs (Cu vs. Cu-xZn). The reaction with Cu UBMs led to a decrease in the hardness of the Sn-rich solders. For example, the VHN was 12.5 for the bulk Sn-0.7Cu, but 11.2 for the Cu UBM. The hardness decrease in Sn-rich solders reacted with Cu UBMs, which has already been reported by Cho et al, is attributed to the coarsening of -Sn dendrites in the Sn-rich solders with Cu UBMs. 21) We therefore attribute the decrease in the hardness of the three Sn-rich solders (Sn-0.7Cu, Sn-3.5Ag and Sn-3.8Ag-0.7Cu) reacted with Cu UBMs to the reduced undercooling and, as a consequence, the large -Sn dendrites. The reaction with Cu-xZn UBMs caused a large increase in the hardness of the three Sn-rich solders. Interestingly, the coarsening of the -Sn dendrites also occurs in the solder reacted with Cu-xZn UBMs. Furthermore, as shown in Fig. 2 , the -Sn dendrites are much larger than those of the solders with the Cu UBMs. However, there was no decrease in the VHNs of the solder reacted with Cu-xZn. This outcome is due to the increase in the volume fraction of the eutectic phases, which resulted from the suppression of the large primary IMCs by the greatly reduced undercooling and the dissolution of Cu and Zn atoms from UBMs. The eutectic region is harder than the -Sn dendrites on account of the precipitation hardening mechanism.
22) The large eutectic region acts as a dominant factor to increase the hardness of the solders reacted with Cu-xZn UBMs and consequently overcomes the softening effect of the larger -Sn dendrites.
Summary
The undercooling, microstructures and hardness of Sn-rich Pb-free solders (pure Sn, Sn-0.7Cu, Sn-3.5Ag and Sn-3.8Ag-0.7Cu) changed by a reaction with Cu-xZn alloy UBM were investigated and compared with the corresponding properties of solders with Cu UBM.
The undercooling of the Sn-rich solders was reduced when the solders were reacted with Cu or Cu-xZn UBMs. The reaction with Cu-xZn UBMs led to a large decrease of 21 C to 27 C in the undercooling was obtained, whereas the reaction with Cu UBMs led to a decrease of only 10 C to 16 C. The large decrease is attributed to the alloying effect of Zn atoms dissolved from the Cu-xZn UBMs. In addition, there was a similar level of undercooling for each solder as a result of the reaction with the two types of Cu-xZn UBMs (Cu-10Zn and Cu-20Zn).
After the reactions with Cu-xZn UBMs, the microstructures (-Sn dendrites and eutectic phases) of Sn-rich solders were preserved. However, in contrast with the microstructures of the bulk solders and the solders with Cu UBM, we could barely observe any large growth of primary IMC phases, such as Cu 6 Sn 5 and Ag 3 Sn, but we did observe a larger eutectic region and coarser -Sn dendrites. This result is due to the fact that the Zn atoms dissolved from the Cu-xZn UBMs during the reflow significantly reduce the undercooling and increase the amount of alloying element in the solders. In addition, the Sn-rich solders with Cu-xZn UBMs showed a large increase in hardness. The large increase in the hardness of Sn-rich solders with Cu-xZn UBMs is due to the microstructual changes of the solders. The large eutectic phases produce an increase of the hardness of solders reacted with Cu-xZn UBMs and overcome the softening effect of the large -Sn dendrites.
